Abstract. Nonlinear analysis techniques have recently been used in the characterization of complex physiological signals seen in pathological disorders such as epilepsy and cardiac fibrillation. In this study a series of controlled swallows from an asymptomatic demonstration group was investigated using oesophageal manometry. The nonlinear measure of complexity, largest Lyapunov exponents and phase portraits were then used to explore the complexity of motility patterns at different points within the oesophagus. Results indicate greater complexity within the region of the striated muscle in the upper oesophagus than that observed within the region of smooth muscle in the lower oesophagus. Phase portraits showed that manometry patterns within the asymptomatic demonstration group could be quite different, highlighting the problems in clinical diagnosis. The characterization of motility disorders associated with complex manometry patterns such as diffuse oesophageal spasm (DOS) and nonspecific motility disorder (NOMD) still represents a diagnostic challenge. The use of nonlinear techniques enabling the quantitative and qualitative measurement of oesophageal complexity is considered in the classification of such disorders.
Introduction
The understanding of physiological processes relies on the measurement and interpretation of observable events. These measurements exhibit complex dynamics resulting from the interactions of many variables occurring at different hierarchical levels, many of which can not be directly observed. For example, the electrical measurements made at the scalp are related to the 10 10 neurones within the brain which in turn respond to a wide range of physical stimuli. Many of the underlying control systems of such processes have been shown to be highly nonlinear in nature, i.e. complex physical systems which are a function of time and cannot be easily described in terms of a set of linear mathematical equations.
The pressures recorded using a catheter tip transducer during oesophageal manometry are an example of such measurements. During a 'normal' swallow the pressure is observed to increase and decrease at a recording site within the oesophagus (figure 1(a)), with the highest value, corresponding to a passing peristaltic contraction, observed as the oesophageal wall closes around the transducer (Kahrilas et al 1988 , Hewson et al 1990 .
All correspondence to be addressed to K R Haylett or e-mail address: k.haylett@computer.org 0967-3334/98/040463+17$19.50 c 1998 IOP Publishing Ltd Figure 1 . Classification of patterns of peaks using traditional oesophageal manometric analysis. (a) Simple schematic of oesophageal physiology detailing the catheter recording sites and distribution of striated and smooth muscle. (b) Details the typical criteria used in judging whether a peak is to be included in the pattern analysis with the classification patterns used during analysis.
The observed peak is a function of a complex physiological system which may also interact with a bolus of food or liquid with many differing physical properties. The oesophagus has a complex anatomy with elements of both local and cortical neuronal control. It is comprised of both circular and longitudinal muscle with an intra-mural network of neurones, the myenteric plexus and a second nerve network, the submucosal or Meissner's plexus situated between the circular muscle layer and the inner muscularis mucosa (Kahrilas 1992 ). This muscle is striated at the upper oesophageal sphincter (UOS) and under a considerable degree of voluntary cortical control, whilst the smooth muscle towards the distal oesophagus and lower oesophageal sphincter (LOS) is controlled by autonomic nerves ( figure 1(a) ).
The pressures recorded during oesophageal manometry investigations are often complex. Recent studies and instrument systems have begun to elucidate the relationship between the luminal bolus and oesophageal transport (Massey et al 1991 , Pouderoux et al 1996 , Haylett et al 1997 and the relationship between circular and longitudinal muscle contraction (Pouderoux et al 1997) . However, the quantification and analysis of these measurements, often used in the diagnosis of oesophageal dysfunction, can be problematic.
A key discovery of nonlinear science is that of deterministic chaos. The behaviour of a system represented by many simple sets of nonlinear equations can be quite different following very small changes in its initial conditions, with the long-term behaviour becoming highly irregular and appearing as a stochastic process (Lorenz 1963 , May 1976 . The science of nonlinear dynamics aims to differentiate between stochastic and deterministic processes and to understand functionality, predictability and control of such systems. There has been great interest in applying these techniques to provide both quantitative and qualitative evaluation of EEG (Destexhe et al 1988 , Casdagli et al 1996 , Cerutti et al 1996 and ECG signals. The emphasis of these studies has been the classification of different physiological pathologies and exploration of methods to control possible chaotic physiological mechanisms that may play a part in pathophysiological events such as cardiac arrhythmias (Weiss et al 1994, Lloyd and Lloyd 1995) .
In the following sections the traditional method of oesophageal manometry is first reviewed and then a nonlinear analysis for a series of swallows from an asymptomatic demonstration group is presented. This analysis looked at a measure of complexity both at different points in the oesophagus and between individuals. Although not easily compared, the differences between these two approaches and the role of a nonlinear analysis in assessing oesophageal performance is discussed.
Traditional analysis of oesophageal manometry
Oesophageal manometry is a widely used clinical tool which has aided the classification and diagnosis of oesophageal motility disorders (Ott 1994) (table 1) which are often implicated as the source of non-cardiac chest pain. Although allowing assessment of UOS and LOS contractions and length, the measurement of oesophageal motility using traditional techniques presents a number of practical problems, with over 38% (Katz et al 1987) being diagnosed as non-specific, an embracing term without diagnostic value. Traditional manual or computerized analysis of oesophageal motility involves defining properties of the peaks in pressure observed during an investigation, such as peak height, peak width, maxima and minima etc. These values enable calculation of peristaltic propagation velocities and wave form classification (Castell and Castell 1986) . The patterns of peaks detected at four transducers are compared with a pattern library (figure 1). Following analysis a summary report is created for all the events. Periods of discomfort are identified and corresponding waveforms are analysed in an attempt to determine whether any episode of pain or discomfort is associated with corresponding abnormal motility patterns.
Peak detection and pattern matching means that peaks have to meet an initial set of criteria. Peaks slightly outside these criteria and all baseline data are rejected. Patterns of peaks to be detected at the recording sites must have been previously identified and programmed into the recognition software. Undefined peaks or patterns will not be recognized even if they occur frequently and are the dominant feature over the recording period. Many of the values which the peak and pattern recognition software uses are based on arbitrary values, such as the threshold value at which a peak may be considered to start . For prolonged studies such as 24 hour and 48 hour ambulatory manometry, many hundreds of swallow events are identified by analysis software. Determining which information is important can cause considerable difficulty and is still under investigation (Barham et al 1997) .
Nonlinear time series analysis-phase space reconstruction and phase portraits
In modern instrumentation an analogue to digital converter transforms a continuous analogue signal from a transducer into a series of numerical readings x made at regular intervals of time. These measurements form a time series. If the sample period is referred to as the sample time, τ s , the series may be represented in the matrix form:
where i runs from 1 to the total number of samples n.
The first step in a nonlinear analysis of a time series is to carry out a phase space reconstruction using the method of delays. Considering the simplest case, using an embedding dimension E of 2, the time series is projected into a two-dimensional phase space with a delay τ , measured as a duration in sample periods, of 1. The first point is plotted against the second, the second is plotted against the third i.e. x i is plotted against x i+1 where i goes from 1 to n − (E − 1)τ . More generally, to map the series into an E-dimensional phase space we map the E-dimensional point x using the form
where i runs from 1 to n − (E − 1)τ .
Figures 2(a), (b) shows a wave recorded during oesophageal manometry reconstructed using the simple method of delays (figure 2(c), (d)). The embedded points are defined as existing on the attractor, the region of space towards which the system is drawn, while the path the points plot, as the function moves through the phase space, is called the trajectory. This technique was first proposed by Packard and co-workers (1980) , and put on a mathematical footing by Takens (1980) who demonstrated that phase portraits constructed by the method of delays can be shown to be topologically equivalent to the theoretical attractors of nonlinear dynamical systems. It is of note that the system is required to be autonomous and asymptotic, i.e. the underlying equations do not contain time explicitly and that the time series is much longer than the decay of any system transients.
The basic method of delays involves projecting the series on an arbitrary basis; it can be extended to take account of the noise associated with experimental data and the information content of the signal. The technique proposed by Broomhead and King (1986) to deal with experimental noise content and to take into account signal information is to find an optimum projection for the attractor using the mathematical process of singular value decomposition (SVD). In this method the unit vectors which are optimally aligned with the position vectors of the trajectory matrix X are found. The singular vectors form the co-ordinate system onto which the time series is projected during phase portrait construction, with the associated singular values giving a weight for each point plotted. Figure 3(a) shows an example of a two-dimensional phase space reconstruction of a time series for the pressures recorded within the oesophageal body during a ten minute period of swallowing with a delay τ of 5 using the simple method of delays. In figure 3(b) the same time series as in figure 3(a) has been reconstructed following SVD.
Largest Lyapunov exponent
Following selection of suitable values for E and τ and reconstruction of the phase space, quantitative and qualitative measures may be obtained. One of the most extensively used measurements is the largest Lyapunov exponent (LLE). The Lyapunov exponent (λ) is a measure of sensitivity to initial conditions and is often used in the definition of deterministic chaos within a system. A positive Lyapunov exponent indicates that any small differences in initial conditions will be amplified over time, i.e. in the near future system trajectories will be similar but, as time increases, an exponential divergence in the system's behaviour will occur. A negative λ will result in a contraction mapping. If we consider the one-dimensional These two-dimensional portraits (embedding dimension E = 2) have been plotted using a delay τ of 5.
case
where d 0 is a measure of the initial distance apart, conceptually this can be extended to any embedding dimension E. Many numerical techniques and algorithms have been developed to determine values for λ for an experimental time series. This study used the popular technique first developed by Wolf and co-workers (1985) . In this algorithm an initial point is selected on the trajectory, a nearby point is selected above a noise threshold and both points are followed for a small fixed time on the trajectory. An estimate of the Lyapunov exponent can then be computed:
where L(0) is the scalar difference between the initial points and L(1) is the scalar difference between the new positions on the trajectory. The calculation is repeated for each point on the attractor following the trajectory with an added consideration that the selected nearby point should have a similar vector. If a point is not available a replacement of the initial point is found. The largest exponent is found by averaging the local value over the entire attractor.
Methods

Clinical procedure
An asymptomatic demonstration group (age range 20-55) of ten volunteers was investigated to examine the difference in characteristics of recorded manometry patterns both at different recording sites within the oesophagus and between subjects. Oesophageal manometry recordings were obtained using a portable data logger (Gaeltec Ltd, UK, MPR/2) with a sampling rate of 8 samples s −1 and a naso-gastric probe following current clinical protocols (Barlow and Buckton 1997) . The probe, a catheter tip transducer with four strain gauge type transducers mounted at 5 cm intervals was positioned with the lowest transducer 3 cm above the LOS. The analysis was carried out for a period of 10 minutes, with 5 ml swallows of water taken at intervals of greater than 30 s, ensuring the oesophagus had recovered from previous swallows.
Largest Lyapunov exponents
The analysis has been carried out using SANTIS, a program designed for nonlinear analysis of physiological signals (Institute of Physiology, the Aachen University of Technology, Germany) which implemented the previously described Wolf algorithm (Wolf et al 1985) .
The LLEs were computed at the recording sites P1-P4 for each subject. The parameters used within the numerical methods were widely investigated to find suitable values for the signals under investigation. The evolution time, used to determine the distance in samples to evaluate each local exponent was chosen to be to 2, ensuring the attractor was mapped at all possible points. Embedding dimensions E of 2 and 3 were closely investigated with a delay τ from 1 to 10.
The selection of these values has been widely discussed (Wolf et al 1985 , Hilborn 1994 ) and although those selected are unlikely to provide absolute LLEs, they do enable comparative evaluation. Computation of LLEs also requires that the data set is representative of the system. The sample rate used ensured the characteristic frequencies and system attractor were well mapped. A representative attractor was achieved by using experimental repetition as suggested by Mayer-Kress and Hübler (Mayer-Kress and Hübler 1989) for event driven biological systems such as evoked potentials.
Results
Phase portraits
For each of the ten subjects investigated a series of phase portraits were produced for recording sites P1-P4 (see figure 1) . The delay τ used for reconstruction using the method of delays was five samples with an embedding dimension E of 2 and 3 enabling the clear visualization of the attractor in two-and three-dimensional phase space. A smaller delay reduced the apparent attractor size and an increase in the delay caused the attractor to fold in phase space. Figure 4 (a)-(d) shows the portraits at four sites in the oesophagus P1-P4 (proximal-distal) obtained from a subject who exhibited complex motility patterns. This figure illustrates a selection of observations from all the subjects examined. It shows that the four sites could be differentiated with the attractor at P1 (figure 4(a)) having a much sharper profile and appearing more complex than all other sites. The attractor at P2 (figure 4(b)) was considerably reduced, with the attractor sometimes difficult to discern from the region of rest. The attractor at P3 (figure 4(c)) and P4 (figure 4(d)) appeared less complex than that at P1 with the trajectories having greater uniformity and repeating more closely, indicating less complexity. Examining the attractor detail there appeared to be two almost distinct attractors at recording sites P1, P3 and P4 (figure 4(a), (c), (d)) with P1 having a third region of attraction.
The system attractor varied from subject to subject and could be differentiated by visual inspection. Figure 5 
Complexity at different levels within the oesophagus
Theoretically the computed LLE should be independent of delay (Takens 1980) ; however, in practice some account of the experimental data must be considered (Wolf et al 1985) . For each subject the LLE was computed from recordings at P1-P4 with delays between one and ten sample periods; this gave a consistent estimate and provided a measure of error in the numerical method. Relative complexity between sites b
a Errors shown at ±1 standard error. b > greater complexity, < smaller complexity, = no significant difference (Student t-test p < 0.05).
alongside the equivalent phase portrait (subject b). Table 2 shows a summary of mean LLEs for each recording P1-P4 (embedding dimension E = 2) for all subjects examined. Across all subjects there is a significant (p < 0.05) decrease in complexity of the signal as measured by the LLE within the distal oesophagus, with all ten subjects showing greater complexity at P1 compared with P3 (table 2) . The recording site P1 is located in the region of striated muscle and is associated with the oropharyngeal stage of swallowing and the UOS. P2 is located in the transitional zone between striated and smooth muscle with P3 and P4 sited in the region of smooth muscle in the distal oesophagus (see figure 1(a) ). Comparing the complexity at P2 with P3 (table 2), P2 is more complex in five of the ten subjects with a further three showing no significant difference and two subjects showing an increase at P3 compared with P2. Similar results can be seen when comparing the complexity at P2 with that at P4. It is worthy of note that the exact position of the transducer within the transition zone cannot be guaranteed and the results may reflect differing percentages of muscle fibre types occurring at the level of the transducer. Comparing P3 and P4 shows only two subjects with a significant difference in complexity.
Discussion
In this study the nonlinear methods of phase portraits and LLEs have been used to examine oesophageal manometry motility data for a series of asymptomatic subjects. Phase portraits provided a method of visualizing and comparing the motility system attractor at different sites within the oesophagus and between subjects. The Wolf algorithm (Wolf et al 1985) computed for LLEs appears to provide a comparative measure of complexity of the system at different points within the oesophagus and between subjects.
Physiological significance of complexity at different levels within the oesophagus
The observed decrease in complexity of motility within the distal end of the oesophagus may correlate with changes in muscle type and innervation along its length. A difference in the pattern of innervation in the striated muscle and smooth muscle is known to exist. Evidence (Kahrilas 1992) supports the notion that organization of peristalsis in the smooth muscle of the distal oesophagus is primarily an intra-mural process (local control) with modulation from the vagus, while the striated muscle of the upper oesophagus is under voluntary control via the vagus nerve. This may lead to a primary control system that has fewer variables affecting the smooth muscle than that in the striated muscle, and is therefore less complex.
Diagnostic significance of differences in complexity between subjects
Comparing mean LLEs at the same recording site between subjects in the asymptomatic demonstration group showed significant differences in complexity. In figure 5(a)-(d) , an apparent increase in visual complexity corresponds to an increase in the computed value for the mean LLE. This variability in complexity highlights the problem of using absolute values in traditional pattern matching techniques in assessing oesophageal function.
Although linear approximation of an observed series of peaks enables an estimate of the velocity for the peristaltic clearing wave it does not quantify the quality and complexity of the system. In practice many multi-peaked waveforms are detected; these can be attributed to a wide variety of oesophageal intra-oesophageal activity (Hewson et al 1990 , Massey et al 1991 . Although traditional pattern matching may be able to provide some quantification of these episodes and patterns, this has shown to be problematic with patterns having to be predefined and analysis tools from different manufactures providing results which cannot be compared (Rutz et al 1997) . For disorders characterized by complex wave patterns, such as those diagnosed non-specific or DOS, it may be more important to both quantify disorder and to try and differentiate between episodes of pain and normal activity rather than compare values between individuals.
Conclusions
Generally, phase portraits showed the system attractor to be well defined with peaks in the time series forming a loop in phase space following embedding. The estimated complexity was significantly higher in the upper region of striated muscle than that measured within the distal oesophagus. The system attractor from different subjects at the same recording site could be visually differentiated. Graphical differences measured using LLEs confirmed varying complexity within the oesophagus, with higher values computed for the more chaotic attractors recorded at the upper oesophagus associated with striated muscle and the oral phase of swallowing and lower values computed for the attractor at recording sites within the distal region of smooth muscle. LLEs provided a global assessment of disorder within the oesophagus and gave a quantitative and qualitative evaluation of the system attractors.
Traditional analysis involves reducing the data using peak detection reducing the data to a peak classification and a time stamp, following which pattern the patterns of peaks are matched against a pattern library. In a nonlinear approach the whole system attractor and nonlinear estimates such as LLEs which quantify values for complexity and disorder may be compared using all the available data.
Possible clinical applications
With symptoms not always observed during clinic based investigations, the examination environment has been criticized as artificial (Barham et al 1992) . This problem has been answered, to some extent, by the development of 24 hours ambulatory recorders. However, this provides a large number of data which have to be interpreted. Nonlinear techniques may provide additional tools for the difficult task of clinical analysis of these motility data. A graphical analysis, such as the use of density colour mapping, may enable the matching of 'signatures' of observed manometry waveforms to a library of known disorders and controls, e.g. figure 6 which shows a three-dimensional phase portrait (embedding dimension E = 3) of the same signal as shown in figure 5(a) . Whereas previously unknown patterns may have been ignored all the data are available in the final plot. Individual swallow trajectories can be compared from swallow to swallow and placed within the context of the system attractor. By using values such as LLEs to measure complexity it maybe possible to better classify disorders diagnosed as non-specific or DOS which may be related to disordered motility behaviour.
Future work
Proposed studies include using phase portraits and LLEs to evaluate patients with oesophageal motility disorders and evaluation of the effect of different therapies and bolus properties on LLE and system attractors. In this study we have used the global measure of complexity LLEs as a comparative measure. Future studies will examine the contribution of noise and signal filtering together with other dynamical parameters such as dimension estimates which characterize the geometry of the attractor and its relationship to the embedding dimension (Grassberger and Procaccia 1983, Mullin 1993) .
Our goal is to be able to determine whether the swallowing system attractor can be differentiated between periods of activity with or without pain, and to classify and quantify any differences. We have shown attractors from an asymptomatic group vary between individuals indicating a diagnostic technique based on absolute measurements may not be appropriate. To this end we are investigating algorithms specific to the nature of the motility attractor and local feature extraction schemes (Zouridakis and Nyberg 1992) . Techniques such as attractor pattern matching and nonlinear modelling i.e. using radial basis functions (Broomhead and Lowe 1988) or using a statistical approach to examine the distribution of the swallowing attractor are also being investigated.
